Abbreviations {#nomen0010}
=============

AP-1

:   activator protein-1

ACTH

:   adrenocorticotropic hormone

AUD

:   alcohol use disorder

3α,5α-THDOC

:   allotetrahydrodeoxycorticosterone

BNST

:   bed nucleus of striaterminalis

CNS

:   central nervous system

CRF

:   corticotropin releasing factor

CRFR

:   CRF receptors

CREB

:   cyclic AMP response element binding protein

GABA

:   γ-aminobutyric acid

HMGB1

:   high motility group box 1

HPA

:   hypothalamic-pituitary-adrenal

IRF

:   interferon regulatory factor

KCC2

:   K^+^/Cl^−^ co-transporter

LPS

:   Lipopolysaccharide

MD-2

:   lymphocyte antigen 96

MCP-1

:   monocyte chemoattractant protein 1

MyD88

:   myeloid differentiation response protein 88

NFκB

:   nuclear factor kappa-light-chain-enhancer of activated B cells

PVN

:   paraventricular nucleus

PTSD

:   post-traumatic stress disorder

TRIF

:   TIR-domain-containing adapter-inducing interferon-β

TLRs

:   toll-like receptors

TRAF6

:   tumor necrosis factor receptor associated factor 6

TNF-α

:   tumor necrosis factor α

THIP

:   4,5,6,7-tetrahydroisoxazolo(5,4-c)pyridin-3-ol

17 PA

:   \[3α,5α\]17-phenylandrost-16-en-3-ol

1. Introduction {#sec1}
===============

This review primarily addresses the rationale for using the neuroactive steroid allopregnanolone for treatment of various stress-related diseases based on its pleiotropic actions upon γ-aminobutyric acid (GABA)~A~ receptors, corticotropin releasing factor (CRF) signaling and pro-inflammatory signaling in the innate immune system. We present theories that stress-related disease results from 1) the loss of central nervous system (CNS) inhibition due to adaptations in GABA~A~ receptor-mediated neurotransmission across brain, 2) excessive CRF signaling that dysregulates the hypothalamic-pituitary-adrenal (HPA) axis and extrahypothalamic CRF circuits across brain, and 3) excessive neuroimmune signaling through Toll-like receptors (TLRs) in the innate immune system and the brain. Next, we review the evidence that allopregnanolone counteracts these stress-induced adaptations to restore GABAergic inhibition, moderate CRF signaling across brain and inhibit pro-inflammatory TLR signaling in the innate immune system and brain. Pregnenolone and progesterone are precursors of allopregnanolone that increase its concentration in serum and brain and also directly inhibit inflammatory signaling through TLR receptors. We argue that all of these endogenous neurosteroids may represent protective factors that prevent the development of stress-related disease vulnerability and could be valuable therapeutics as well. The pleiotropic actions of these neurosteroids provide an attractive strategy to simultaneously address three major domains of stress-related disease in its treatment. In addition, this rationale summarizes evidence that allopregnanolone, pregnenolone or progesterone address many of the co-occurring symptoms of stress-related neuropsychiatric conditions, including anxiety, depression, sleep disturbance, and pain, all of which may facilitate the management of disease.

2. The impact of stress on GABAergic transmission {#sec2}
=================================================

An abundance of evidence shows that GABAergic transmission is impacted by stress at multiple levels. Clinical studies of stress-related psychiatric disorders suggest alterations in GABAergic transmission, including decreased GABA levels, reductions in the density of GABAergic interneurons and changes in GABA~A~ receptor subunit expression ([@bib7]; [@bib152]; [@bib68]; [@bib141]; [@bib158]; [@bib93]). In agreement, numerous preclinical studies have highlighted the role of GABAergic transmission in the HPA response to stress, and how chronic stress exposure disrupts these regulatory responses. Local GABAergic neurons in the paraventricular nucleus (PVN) of the hypothalamus and in adjacent forebrain areas send a GABAergic inhibitory signal to CRF neurons in response to various stressors ([@bib40]). This regulatory response is disrupted under stress conditions. Indeed, several paradigms of acute stress (inescapable tail-shock, mild foot-shock, carbon dioxide inhalation, forced swim, handling) induce a rapid and reversible downregulation of GABAergic transmission in several brain regions of male rats, as assessed by binding assays of GABA and GABA~A~ receptor modulators, as well as GABA-stimulated chloride flux in synaptoneurosomes ([@bib50]; [@bib13]). However, sex and species differences in the effects of stress on GABA~A~ receptor function have also been highlighted ([@bib6]; [@bib28]).

Another mechanism that contributes to the stress-induced loss of GABAergic inhibition involves a dephosphorylation and downregulation of the K^+^/Cl^−^ co-transporter KCC2, which has been reported to occur in the hypothalamus of male rats and mice following acute stress; such changes switch the GABAergic transmission on CRF neurons from inhibitory to excitatory, resulting in an ineffective inhibition of the HPA axis ([@bib76]; [@bib154]). A similar mechanism occurs in the hippocampus of male mice following chronic stress, which contributes to increased seizures susceptibility ([@bib96]).

Acute and chronic stress differentially alter GABA~A~ receptor subunit expression in male rats, depending on brain region and species examined ([@bib121]; [@bib177]; [@bib133]; [@bib78]). However, both acute and chronic stress increase the expression of extrasynaptic α4/δ subunit containing GABA~A~ receptors, with a subsequent increase in tonic inhibition in granule and pyramidal cell neurons of the hippocampus of male rats and mice ([@bib159], [@bib163]; [@bib97]). Extrasynaptic α4/δ GABA~A~ receptors are more sensitive to the actions of endogenous 3α,5α-reduced neuroactive steroids ([@bib11]), and it has been suggested that such neuroactive steroids may promote the physiological response to stress by increasing the firing of CRF neurons via δ subunit containing GABA~A~ receptors ([@bib154]). Indeed, selective deletion of the δ subunit from CRF neurons, with subsequent loss of tonic GABAergic inhibition, blunts the HPA response to acute stress as well as anxiety- and depressive-like behaviors in male mice ([@bib89]).

Under chronic stress, a loss of GABAergic inhibition in cortical and limbic brain regions has been reported in male rats and mice, which includes impairment of GABAergic interneurons, decreased expression of glutamic acid decarboxylase (the main enzyme necessary for GABA synthesis in GABAergic interneurons), decreased expression of vesicular and plasma membrane transporters for GABA, and reduced density and function of GABAergic synapses ([@bib177]; [@bib42], [@bib41]; [@bib94], [@bib95]).

Exposure to early life stress also impairs GABAergic transmission in adulthood. Rats subjected to maternal separation stress early in life show increased neophobia and acoustic startle responses in adulthood, along with reduced expression of benzodiazepine-sensitive GABA~A~ receptors in the frontal cortex, amygdala, locus coeruleus and the nucleus tractus solitarius ([@bib25]). Further, adolescent mice subjected to fragmented maternal care during the postnatal period showed an altered excitatory/inhibitory balance in the hypothalamus which results in impaired inhibitory actions of 3α,5α-reduced neuroactive steroids upon GABA~A~ receptors in CRF-releasing neurons ([@bib64]). It has been suggested that stress during development may impair the physiological fluctuations in neuroactive steroid levels ([@bib62]) and the GABA switch (from a depolarizing to a hyperpolarizing action) ([@bib30]) that occur during postnatal development ([@bib65]). These adaptations are depicted schematically in [Fig. 1](#fig1){ref-type="fig"}.Fig. 1**Schematic representation of the impact of acute and chronic stress on GABAergic transmission**. Acute stress causes a reduction of GABA release, but an increase of GABAergic neuroactive steroids and extrasynaptic α4/δ GABA~A~ receptors. Chronic stress decreases GABA, neuroactive steroid levels and the synaptic GABA~A~ receptors, but increases extrasynaptic α4/δ GABA~A~ receptors, leading to a dramatic reduction of GABAergic transmission. Allopregnanolone, through binding with extrasynaptic α4/δ GABA~A~ receptors, may restore homeostasis by increasing GABAergic tone by the enhancement of tonic inhibition. (Created with [Biorender.com](http://Biorender.com){#intref0040}).Fig. 1

3. The impact of stress on CRF signaling {#sec3}
========================================

CRF signaling plays a major role in the coordination of the physiological/neuroendocrine response to stress via activation of the HPA axis. While glucocorticoid negative feedback plays a predominant role under basal conditions, the activity of CRF neurons is controlled by neural afferents from the brain stem and limbic system, as well as peripheral hormonal influences, during stress. The afferents inputs release various neurotransmitters such as norepinephrine, glutamate, GABA, angiotensin II, CRF itself and other peptides in the PVN. These molecules interact with their receptors located in the CRF neurons and regulate CRF synthesis, release and intracellular signal-transduction pathways. Hypothalamic CRF neurons receive inhibitory afferents from hippocampus and, indirectly, from prefrontal cortex, as well as excitatory inputs from central amygdala and from the bed nucleus of stria terminalis (BNST), indirectly ([@bib187]; [@bib172]). In basal conditions, the CRF neurons are under the inhibitory influence of GABAergic interneurons located in the PVN ([@bib40]). During stress, the main neurotransmitters released in PVN are norepinephrine and glutamate ([@bib75]). In stress-related psychiatric disorders, chronic stress disrupts the equilibrium between excitatory/inhibitory inputs, causing a decrease in inhibition and an increase in excitatory signals that results in hyperactivity of the HPA axis.

CRF and its receptors (CRFR1/2) are widely distributed across the brain and by binding its high affinity receptor, CRFR1, CRF is able to coordinate autonomic and behavioral stress responses. Thereby, dysregulation of the CRF/CRFR1 system has been linked to stress-related psychiatric disorders such as depression and anxiety ([@bib118]; [@bib147]; [@bib45]; [@bib15]). Hyperactivity of the HPA axis, and consequently impaired negative feedback, have been reported in patients affected by depression, postpartum depression, PTSD and AUDs ([@bib18]; [@bib1], [@bib2], [@bib3]; [@bib55]; [@bib56]; [@bib9]; [@bib156]; [@bib142]).

Supporting the role of CRFhyperactivity in stress-related neuropsychopathologies, studies in rodents show that CRFinjections into the ventral hippocampus increase anxiety-like behavior in rats ([@bib128]). Furthermore, central and basolateral amygdala infusion of CRF increases anxiety-related and freezing behavior and reduces social interaction in rats ([@bib170]; [@bib151]). Intra-BNST administration of CRF dose-dependently increases anxiety-like behavior in rats ([@bib150]). In nucleus accumbens, CRF regulates appetitive behavior through regulation of dopamine release. In this case, severe stress produces a persistent dysregulation of CRF-dopamine interactions, causing a switch from appetitive to aversive behavioral actions ([@bib90]). In ventral tegmental area, the dysregulation of the CRF/CRFR1/2 system has been correlated with AUDs and other substance use disorders ([@bib59]; [@bib189]; [@bib72]). Finally, modification in the noradrenergic system of the locus coeruleus caused by CRF hyperactivity has been proposed to underlie pathological hyperarousal observed in numerous stress-related psychiatric disorders ([@bib16]). The circuit adaptations described here are shown in [Fig. 2](#fig2){ref-type="fig"} along with the hypothetical role of neuroactive steroids in restoring excessive CRF signaling in the brain.Fig. 2**Hypothetical representation of neural regulation of CRF neurons in hypothalamic and extrahypothalamic regions**. CRF neurons are regulated by the balance of glutamatergic and GABAergic regulation in many brain areas. Chronic stress increases CRF release in the hypothalamus by decreasing GABAergic and increasing glutamatergic inputs that control CRF neurons. Allopregnanolone may restore homeostasis by increasing GABAergic inputs and, indirectly, decreasing glutamatergic signals, leading to a restoration in CRF signaling throughout the brain. (Created with [Biorender.com](http://Biorender.com){#intref0045}).Fig. 2

4. The impact of stress on pro-inflammatory neuroimmune signaling {#sec4}
=================================================================

Neuroimmune signaling through TLRs is an important contributor to various inflammatory systemic, neurological and psychiatric conditions, including traumatic hemorrhagic shock ([@bib146]), AUDs ([@bib69]; [@bib140]; [@bib36], [@bib37]), other addictions ([@bib87]), depression ([@bib43]; [@bib12]), traumatic brain injury ([@bib70]) and epilepsies ([@bib98]). The innate immune cells in the brain, microglia, as well as neurons and other glial cells, signal via TLRs to promote innate immune gene expression and produce pro-inflammatory cytokines and chemokines in a progressive and feed-forward fashion ([@bib126]) that is particularly long-lasting in the brain ([@bib36], [@bib37]).

4.1. Evidence for stress-induced activation of TLR signaling {#sec4.1}
------------------------------------------------------------

TLRs recognize all types of microbes that invade the human body as well as endogenous signals that are released in response to tissue damage, cellular stress and psychological stress. The activation of TLRs can protect against external invasions of pathogens to fight infection, but they can also arise in response to tissue injury such as ischemia ([@bib4]), cellular oxidative stress ([@bib5]) and psychological stressors such as chronic restraint ([@bib186]). Using TLR4-deficient mice, Zhang and colleagues demonstrated that activation of TLR4 is responsible for the stress-induced increase in pro-inflammatory cytokines tumor necrosis factor (TNF-α) and interleukin-1β, as well as a decrease in the anti-inflammatory cytokines interferon-γ and interleukin-2. Moreover, TLR4 contributed to the lymphocyte reduction induced by chronic stress ([@bib186]).

The activation of TLRs in response to endogenous signals can be harmful and often causes more problems than the initial cell or tissue injury ([@bib73]). This process is known as pro-inflammatory innate immune signaling in the periphery and neuroimmune signaling in the brain. One example of stress activation of TLR signaling is evident from recent studies showing that the endogenous TLR4 agonist endotoxin is increased in circulation following acute alcohol and restraint stress in rats ([@bib179]). The effect is similar in magnitude to the elevation of cortisol in the circulation and may represent an important connection between stress and TLR4 signaling. Furthermore, TLR activity is known to be enhanced by CRF in both macrophages ([@bib171]) and brain ([@bib181]), indicating another mechanism of stress enhancement of pro-inflammatory signaling.

Ethanol exposure is one example of a chronic stressor that activates the HPA axis with acute exposure and blunts the HPA axis with chronic exposure ([@bib2], [@bib3]). Ethanol increases the expression of TLR2, TLR3, TLR4, and TLR7, and members of the pathways activated by these pathogen-activated receptors ([@bib36], [@bib37]). TLR signaling initiates with complex formation and activation of myeloid differentiation response protein (MyD88)-dependent and independent pathways. These include transcription factors nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB), cyclic AMP response element binding protein (CREB), activator protein-1 (AP-1), and interferon regulatory factor (IRF) that translocate to the nucleus and control expression of chemokines and cytokines. Ethanol activates the TLR-MyD88-NFκB pathways as well as the TLR3-regulated TIR-domain-containing adapter-inducing interferon-β (TRIF) pathway. Intermittent alcohol drinking during adolescence upregulates the expression of TLR4 in the adult hippocampus, TLR3 and TLR4 in the adult prefrontal cortex, and TLR1-TLR8 in the adult cerebellum ([@bib20]; [@bib85]; [@bib67]), suggesting distinct immune activation and function at distinct brain sites.

Production of pro-inflammatory cytokines appears to be involved in altered brain activity ([@bib63]). Indeed, neuroimmune signaling via the classic pro-inflammatory cytokines in brain enhances glutamatergic transmission and reduces GABAergic transmission ([@bib168]; [@bib52]; [@bib169]; [@bib134]), rather than produce other signs of inflammation such as swelling or macrophage infiltration. On the other hand, TLR7 signaling in brain leads to neurodegeneration, involving the production of high motility group box 1 (HMGB1) and the miRNA let-7 ([@bib31]). Together, the production of pro-inflammatory signaling and the resultant shift in the excitatory/inhibitory balance in the brain likely contribute to the pathological effects of stress.

The following sections will describe the evidence that neurosteroids may restore losses in GABAergic transmission, CRF overactivation and excessive TLR signaling. The combination of these pleiotropic actions may be key to their therapeutic benefits.

5. Evidence that GABAergic neuroactive steroids abrogate the loss of GABAergic inhibition in stress-related disease {#sec5}
===================================================================================================================

Neuroactive steroids that are 3α,5α-reduced derivatives of progesterone, deoxycorticosterone, dehydroepiandrosterone and testosterone, are endogenous positive modulators of all GABA~A~ receptor subtypes ([@bib137]; [@bib86]; [@bib10]; [@bib144]; [@bib74]). Allopregnanolone and allotetrahydrodeoxycorticosterone (3α,5α-THDOC) exhibit high potency at most subtypes of GABA~A~ receptors ([@bib136], [@bib135]), although they are more potent at some extrasynaptic GABA~A~ receptors containing the δ subunit ([@bib11]; [@bib26]). For example, low concentrations of 3α,5α-THDOC, which have no effect on phasic conductance mediated by synaptic GABA~A~ receptors, selectively enhance tonic currents mediated by δ subunit containing GABA~A~ receptors in mouse dentate gyrus and cerebellar granule cells ([@bib167]). Likewise, allopregnanolone and the synthetic neuroactive steroids SGE-516 and ganaxolone also increase tonic currents in dentate gyrus granule cells ([@bib108]). Although the neuroactive steroid binding sites are located at the interface of the α and β subunits of synaptic receptors ([@bib77]), the δ subunit is thought to be responsible for the enhanced sensitivity to neuroactive steroids. In fact, δ subunit knockout mice have blunted tonic currents along with reduced sensitivity to neuroactive steroid modulation of GABA~A~ receptors ([@bib106]; [@bib165]; [@bib167]). Furthermore, α4 subunit knockout mice also display a loss of δ subunits and blunted tonic inhibition ([@bib29]), along with reduced GABAergic potentiation by alphaxalone ([@bib91]).

Neuroactive steroids might represent a useful therapeutic approach to restore deficits in GABAergic inhibition observed in patients with stress-related disease. This argument is supported by data from animal models and the effects of neuroactive steroids in human conditions that involve the loss of inhibitory control in the CNS. Some examples are described below.

5.1. Anxiolytic and antidepressant actions in animals and humans {#sec5.1}
----------------------------------------------------------------

Administration of allopregnanolone exerts anxiolytic-like and antidepressant-like effects in rodents ([@bib35]; [@bib17]; [@bib84]) and humans ([@bib80]; [@bib103]), which may be important for prevention and recovery from stress-related disorders and AUDs. Specifically, intravenous infusion of Brexanolone, a proprietary formulation of allopregnanolone by Sage Therapeutics, exerts a rapid effect in counteracting postpartum anxiety and depression. Women with moderate to severe postpartum depression showed a quick improvement in agitation, anxiety and depressive symptoms during a 60 hour constant intravenous infusion of the drug, an effect that lasted more than a month ([@bib80]; [@bib103]). Its rapid and long-lasting effects represent a major breakthrough for the treatment of depression and raise the possibility that its precursor steroids that share its pleotropic actions may have benefits as well. While it is unknown if the therapeutic effects of Brexanolone for postpartum depression are dependent on its GABAergic activity, this mechanism seems likely to contribute to these actions. Previous evidence has documented that GABA inhibition is compromised in patients with depression, since levels of GABA are reduced in plasma, cerebrospinal fluid and occipital cortex of depressed subjects, while GABA~A~ receptors and physiological activity are also diminished ([@bib153]; [@bib38]). The recent studies with Brexanolone represent important clinical evidence supporting the idea that restoration of GABAergic inhibition may be therapeutic for depression. Of course, this possibility does not preclude contributions from other mechanisms of allopregnanolone action on CRF and pro-inflammatory signaling to be described below.

5.2. Anticonvulsive effects in ethanol dependent rats {#sec5.2}
-----------------------------------------------------

The GABAergic neuroactive steroids have potent anticonvulsant effects in several animal models ([@bib145]). For instance, acute ethanol-induced elevations of allopregnanolone contribute to its anticonvulsant effects in male rats ([@bib176]). By contrast, alcohol dependence reduces GABAergic inhibition across brain, including the sensitivity to GABA- and ethanol-induced anticonvulsant actions, thus leading to increased seizure susceptibility. In fact, allopregnanolone or 3α,5α-THDOC administration before seizure induction blocks the increased seizure susceptibility induced by ethanol withdrawal in dependent male and female rats, with female rats being more sensitive to the protective effects of neuroactive steroids ([@bib48], [@bib46]). Chronic intermittent ethanol exposure, which causes a reduction in hippocampal allopregnanolone content, also decreases seizure threshold in rats, an effect that is reversed by alphaxalone administration ([@bib24]). Ethanol dependence produces tolerance to ethanol and cross-tolerance to benzodiazepines and barbiturates, including the anticonvulsant effect of benzodiazepines ([@bib47]). However, ethanol-dependent rats are sensitized to the anticonvulsant effects of allopregnanolone and 3α,5α-THDOC, and their GABA~A~ receptors also have enhanced sensitivity to the actions of neuroactive steroids ([@bib47]; [@bib24]). Thus, GABAergic neuroactive steroids may be therapeutic during ethanol withdrawal, and their use may have advantages over benzodiazepine therapy since benzodiazepines exhibit cross-tolerance with ethanol and promote the loss of GABA~A~ receptors in the CNS.

5.3. Effectiveness in status epilepticus {#sec5.3}
----------------------------------------

Status epilepticus is a neurological life-threatening condition characterized by continuous or recurring seizures with loss of consciousness for more than 30 min. Patients with this condition do not respond to the classical benzodiazepine therapy because seizures are likely to alter GABA~A~ receptors subunit expression and trafficking ([@bib148]). In fact, preclinical studies in rat models of status epilepticus showed that benzodiazepine sensitive synaptic GABA~A~ receptors are internalized, causing a reduction in synaptic inhibition ([@bib116]), while benzodiazepine insensitive extrasynaptic α4/δ GABA~A~ receptors do not internalize and are functional ([@bib58]), thus representing a putative pharmacological target for status epilepticus. Given that GABAergic neuroactive steroids have potent anticonvulsant effects in several animal models ([@bib48]; [@bib145]), and potent modulatory actions at extrasynaptic GABA~A~ receptors ([@bib11]), they may be valuable therapeutic agents. Indeed, allopregnanolone and its synthetic 3β-methyl analog ganaxolone both proved effective in a mouse model of treatment-resistant status epilepticus ([@bib148]; [@bib188]). Furthermore, case reports suggested that intravenous allopregnanolone may be therapeutic for status epilepticus in a number of individuals ([@bib23]; [@bib175]). However, a clinical trial ([NCT02477618](https://clinicaltrials.gov/ct2/show/study/NCT02477618){#intref0010}) evaluating the efficacy of Brexanolone did not show any improvement for the treatment of super refractory status epilepticus in human patients, according to the company news release (<https://investor.sagerx.com/news-releases/news-release-details/sage-therapeutics-reports-top-line-results-phase-3-status-trial>), although its intravenous administration was well tolerated among adults and children ([@bib175]). Dosing of allopregnanolone and variations in metabolism among patients are issues that may have impacted the outcome of this study, since some patients clearly responded to the therapy. Another clinical trial is ongoing to evaluate the efficacy of intravenous ganaxolone as adjunctive therapy to treat status epilepticus ([NCT03350035](https://clinicaltrials.gov/ct2/show/NCT03350035){#intref0020}).

5.4. Potential actions in sleep disturbances {#sec5.4}
--------------------------------------------

Both synaptic and extrasynaptic GABA~A~ receptors contribute to regulate sleep and wakefulness. Benzodiazepines, traditionally used to treat insomnia, typically act on synaptic α1-2-3-5βγ2 GABA~A~ receptors mediating phasic inhibition. Benzodiazepines shorten latency to sleep and increase sleep continuity ([@bib184]). In addition, endogenous neuroactive steroids also exert sedative-hypnotic actions ([@bib104]; [@bib88]), similar to other exogenous modulators (gaboxadol or 4,5,6,7-tetrahydroisoxazolo (5,4-c)pyridin-3-ol (THIP)) of extrasynaptic α4βδ GABA~A~ receptors ([@bib11]). Indeed, tonic inhibition mediated by α4βδ GABA~A~ receptors in the thalamus and cortex, by adjusting the excitability of neuronal circuitries, plays an important role in modulating the magnitude and frequency of network oscillation characterizing waking and sleep ([@bib184]). Sleep disturbances are reported in stress-related disorders ([@bib92]) and sleep deprivation is itself a stressor that disrupts homeostasis ([@bib101]). In agreement, blunted neuroactive steroids responses to stress were associated to poor sleep quality in pregnant women ([@bib39]). Thus, administration of neuroactive steroids might ameliorate deficits in sleep quality in stress-related disorders by restoring the GABAergic tone.

In summary, deficits in inhibitory transmission in the CNS are hallmarks of stress-related disease. The neuroactive steroid allopregnanolone is capable of correcting deficits in inhibitory neurotransmission and has demonstrated clinical efficacy for treatment of anxiety, depression and seizures in both animal models and early human clinical trials. Importantly, allopregnanolone exhibited no evidence of toxicity or untoward effects in any study to date. The overlap and co-morbidity of these conditions should not be ignored and based on these observations, the potential for allopregnanolone therapy warrants immediate consideration. The allopregnanolone precursors pregnenolone and progesterone lack direct effects on GABA~A~ receptors ([@bib138]), but these steroids are rapidly converted to allopregnanolone *in vivo* ([@bib99]; [@bib130]; [@bib107]), and therefore may also share the ability to abrogate the loss of inhibitory transmission in stress-related disease.

6. Evidence that allopregnanolone restores deficits precipitated by aberrant CRF signaling {#sec6}
==========================================================================================

Acute stress rapidly induces HPA axis activation with subsequent release of corticosterone, as well as allopregnanolone ([@bib139]). The increase in allopregnanolone content, which occurs approximately 30 min after acute stress, is thought to represent a homeostatic mechanism to restore the GABAergic inhibition upon the hypothalamic PVN, thus shutting down HPA axis activity ([@bib13]; [@bib65]). Both corticosterone and allopregnanolone exert a negative feedback upon the hypothalamus and pituitary. Specifically, allopregnanolone counteracts the anxiety-like behavior induced by CRF administration, although it does not appear to be involved in basal CRF release ([@bib125]). Moreover, allopregnanolone or 3α,5α-THDOC administration before stress attenuates the stress-induced increase in adrenocorticotropic hormone (ACTH) and corticosterone ([@bib122]; [@bib124]). In agreement, intracerebroventricular administration of allopregnanolone antiserum enhanced the corticosterone response to stress in prepubertal and adult rats, without affecting its basal levels ([@bib66]). In addition, systemic administration of allopregnanolone to adult male non-stressed rats increased hypothalamic CRFcontent as well as serum ACTH and corticosterone ([@bib115]), supporting a regulatory role for this neuroactive steroid in HPAfunction, whereby allopregnanolone may increase hormone levels in basal conditions and decrease them in stress-induced perturbations to restore homeostasis. Systemic administration of pregnenolone, dehydroepiandrosterone and their sulfate metabolites also increased hypothalamic CRF and serum ACTH and corticosterone ([@bib115]). All these effects were rapid and likely mediated by a direct action of neuroactive steroids on neurotransmission in the hypothalamus that regulate HPA axis activation.

Several lines of both clinical and basic science evidence suggest that neuroactive steroids may restore homeostasis in CRF signaling both at the hypothalamic and extrahypothalamic circuit levels. The anxiolytic effects of allopregnanolone are likely to be related to both hypothalamic and extrahypothalamic CRF levels since CRF circuits are tightly coupled to anxiety-like behaviors in rodents (vide supra). Some examples follow.

Affective disorders, including major depression, postpartum depression, PTSD and AUDs are characterized, among other features, by neuroendocrine alterations at the HPA axis level ([@bib18]; [@bib1], [@bib2], [@bib3]; [@bib55]; [@bib56]; [@bib9]; [@bib156]; [@bib142]). These alterations generally involve excessive baseline cortisol and suppression of the HPA axis response to stress. Considering the ability of allopregnanolone to regulate the HPA axis at the level of the hypothalamus, it is possible that restoration of HPA axis balance is an important component of treatment. Indeed, the remarkable clinical efficacy of Brexanolone in the treatment of postpartum depression may be related to this property of allopregnanolone. While further studies are needed to determine the mechanism(s) of the antidepressant actions of Brexanolone, the rapid and long-lasting efficacy following a short course of 60 hours of treatment suggests a type of reset that is consistent with normalization of HPA axis function.

Furthermore, although classical treatments for depression such as selective serotonin reuptake inhibitors require several weeks to produce therapeutic actions, increased neurosteroidogenesis is a likely mechanism involved in their therapeutic actions. Several studies have shown that administration of antidepressant drugs restores neuroactive steroid concentrations in both patients and rodents ([@bib173]; [@bib149]; [@bib174]; [@bib100]; [@bib156]). Indeed, serotonin reuptake inhibitors promote the conversion of 5α-dihydroprogesterone to allopregnanolone via a direct effect on the neurosteroidogenic enzyme 3α-hydroxysteroid dehydrogenase ([@bib60]). Thus, allopregnanolone may have great potential for the treatment of stress-related psychiatric disorders in general and specifically in those associated with dysregulation of the HPA axis.

PTSD patients show elevated CRF levels ([@bib21]), along with a dysregulated HPA axis function that leads to glucocorticoid hypersensitivity ([@bib27]). In addition, concentrations of GABAergic neuroactive steroids are altered in PTSD patients: a reduction in cerebrospinal levels of allopregnanolone has been reported in premenopausal women and men, and such levels were negatively correlated with PTSD symptoms ([@bib143], [@bib142]). Indeed, both preclinical and clinical evidence suggests a role for allopregnanolone in PTSD ([@bib142]). Clinical trials are ongoing ([NCT03799562](https://clinicaltrials.gov/ct2/show/NCT03799562){#intref0025}; [NCT00560781](https://clinicaltrials.gov/ct2/show/NCT00560781){#intref0030}) to test the effectiveness of the precursor pregnenolone in targeting PTSD symptoms.

Social isolation in animal models of affective disorders each induce alterations in CRF and HPA axis function and each of these conditions is responsive to treatment with allopregnanolone or pregnenolone. Social isolation from weaning to adulthood is a model of chronic stress and PTSD that markedly decreases brain and plasma allopregnanolone levels in rats and mice ([@bib162]; [@bib49]). A blunted HPA axis activity has been hypothesized to account for such decrease ([@bib14]). In agreement, socially isolated male rats also show a reduction in basal ACTH and corticosterone levels ([@bib160]; [@bib129]). However, socially isolated male rats are more sensitive to the steroidogenic effects of stress, as shown by the greater increase in allopregnanolone content following acute stress ([@bib162], [@bib161]), suggesting that social isolation actually induces an hyperresponsiveness of the HPA axis. In agreement, central administration of CRF increased plasma corticosterone levels to a greater extent in socially isolated rats, compared to group-housed controls ([@bib160]). Likewise, exposure to acute stress induced a greater and prolonged increase in CRFand ACTH content in socially isolated rats ([@bib19]), supporting a dysregulation of the HPAaxis. Indeed, social isolation also impairs the HPA negative feedback regulation, as suggested by the blunted corticosterone response to dexamethasone challenge, observed in socially isolated vs. group-housed male rats ([@bib160]). Importantly, administration of allopregnanolone either from the onset of social isolation, or following six weeks of isolation, prevents or normalizes the corticosterone response to the dexamethasone suppression test, as well as depression- and anxiety-like behavior in male rats ([@bib51]). Since allopregnanolone normalizes the HPA axis and behavioral abnormalities after social isolation, it could have similar effects in other conditions that dysregulate the HPA axis and produce abnormal anxiety and depression.

7. Evidence that neurosteroids inhibit TLR4 signaling and the production of pro-inflammatory molecules {#sec7}
======================================================================================================

Recent studies indicate that pregnenolone and allopregnanolone inhibit pro-inflammatory signaling by TLR4 receptors in cultured macrophage cells (RAW264.7 cells) and the brain of alcohol-preferring P rats that exhibit innate TLR4 activation ([@bib8]). In the mouse macrophage cell line, lipopolysaccharide (LPS) increased the entire pathway of pro-inflammatory markers of TLR4 activation, and all of these effects were completely inhibited by both allopregnanolone and pregnenolone at 0.5 and 1.0 μM doses. Pregnenolone was more potent than allopregnanolone and was not converted to allopregnanolone in the cells. The mechanism of neuroactive steroid inhibition of TLR4 signaling appears to involve blockade of TLR4/lymphocyte antigen 96 (MD-2) protein interactions in RAW246.7 cells, as both neurosteroids blocked the co-immunoprecipitation of TLR4 with MD-2, a requisite step in the activation of the TLR4/MD-2/MyD88-dependent signaling pathway. These data suggest a novel role for both pregnenolone and allopregnanolone to inhibit TLR signaling in the innate immune system ([@bib8]).

Systemic allopregnanolone administration (15 mg/kg, I.P.) also reduced expression of the TLR4 activation marker tumor necrosis factor receptor associated factor 6 (TRAF6), CRF, and the pro-inflammatory cytokine monocyte chemoattractant protein 1 (MCP-1) in the P rat brain, although the effects were less pronounced than the cells. In addition, allopregnanolone inhibited TLR4 binding to its activation partners in the brain: the GABA~A~ receptor α2 subunit protein and MyD88, both of which are required for TLR4 activation. The data suggest that inhibition of pro-inflammatory neuroimmune signaling contributes to the protective effects of allopregnanolone in immune cells and brain, apparently involving a blockade of protein-protein interactions that initiate TLR4-dependent signaling. Inhibition of pro-inflammatory TLR4 activation represents a new mechanism of allopregnanolone action in both the periphery and the brain ([@bib8]). A similar blockade of TLR signaling by pregnenolone and its derivatives were found via degradation of TLR2 and TLR4-associated proteins ([@bib114]). Furthermore, other studies have shown that progesterone inhibits pro-inflammatory signaling following traumatic brain injury in rats ([@bib70]; [@bib155]). Because multiple TLRs signal through the same molecular pathways, it is possible that the neurosteroids inhibit other pro-inflammatory pathways as well ([@bib70]; [@bib155]; [@bib114]). Further studies are needed to address this possibility.

In light of the hypotheses that activation of neuroimmune signaling contributes to many stress-related psychiatric conditions, the ability of allopregnanolone to inhibit TLR4 signaling in both macrophages and brain suggests that it may have therapeutic utility in the prevention or treatment of these disorders. Neuroactive steroids might represent a useful therapeutic approach to arrest detrimental neuroimmune signaling, observed in patients. This argument is supported by data from animal models of chronic stress and effects of neuroactive steroids in other conditions that involve excessive neuroimmune activation in the CNS. Some examples are described.

7.1. Therapeutic effects of pregnenolone, progesterone or allopregnanolone in multiple neuroinflammatory diseases {#sec7.1}
-----------------------------------------------------------------------------------------------------------------

The endogenous neurosteroids pregnenolone, progesterone, and allopregnanolone have protective activity in neurological and psychiatric conditions that involve pro-inflammatory signaling. Significantly, progesterone and/or allopregnanolone have shown efficacy in clinical studies of traumatic brain injury ([@bib185]; [@bib166]), cocaine craving ([@bib53]; [@bib107]), as well as postpartum depression ([@bib80]; [@bib103]). Further, allopregnanolone has therapeutic activity in animal models of traumatic brain injury ([@bib71]), multiple sclerosis ([@bib157]; [@bib119]), and Alzheimer\'s disease ([@bib22]). This growing body of inflammatory conditions that respond to intervention with these neurosteroids supports the idea that inhibition of neuroimmune signaling may be an important component of their actions.

Pain is considered a neuroinflammatory condition. Preclinical studies suggest that neuroactive steroids play an important role in both inflammatory and neuropathic pain. Intracerebroventricular administration of allopregnanolone has analgesic effects in naïve male rats ([@bib81]). Likewise, systemic and intrathecal administration of allopregnanolone, or its precursor progesterone, exerts anti-nociceptive properties in several models of neuropathic (see ([@bib57]) for review) and inflammatory pain ([@bib120]). Thus, administration of neuroactive steroids might be beneficial to ameliorate pain symptoms. Indeed, a recent clinical study in 92 veterans showed that pregnenolone administration for 4 weeks reduced chronic pain symptoms by 20% while the patients in the placebo control group reported a decrease in pain symptoms of 4%. In addition, low back symptoms were inversely related to serum neuroactive steroid levels -<https://www.ajmc.com/conferences/sobp-2018/new-drug-discoveries-aim-to-help-veterans-others-with-chronic-pain>. However, other evidence in humans linking neuroactive steroids to pain is controversial: low serum allopregnanolone content was associated with either increased pain tolerance in healthy volunteers ([@bib102]), or increased self-reported pain symptoms in another study of war veterans ([@bib117]). Therefore, allopregnanolone and pregnenolone should be further studied for inhibition of inflammatory signaling associated with pain.

Depression is increasingly linked to neuroinflammation or more specifically to the presence of pro-inflammatory markers in patients ([@bib43]; [@bib12]; [@bib178]). Indeed, several studies show that inflammatory markers are elevated in women with postpartum depression ([@bib83]; [@bib33]), suggesting that neuroimmune activation may contribute to symptoms of depression in these women. As presented in Sections [6](#sec6){ref-type="sec"}, [5.1](#sec5.1){ref-type="sec"} of this review, the remarkable, rapid and long-lasting antidepressant effect of Brexanolone infusion for postpartum depression may involve inhibitory effects on neuroinflammation as well as restoration of GABAergic inhibition and normalization of CRF signaling. The ability of allopregnanolone to inhibit the activation of TLR signaling in the innate immune system could reduce pro-inflammatory signaling that contributes to these therapeutic effects. While this idea remains speculative, there is substantial evidence for the opposing condition where elevation of inflammatory signaling is well known to promote depression in humans and depression-like behavior in animal models ([@bib54]; [@bib44]; [@bib123]).

In summary, several lines of evidence suggest that the ability of allopregnanolone and pregnenolone to inhibit TLR activation may be linked to their therapeutic actions in numerous neuropsychiatric conditions that involve inflammatory signaling. The innate immune system plays a key role in this process and neuroactive steroids may be a critical factor that moderates the pathological effects of stress on inflammation that contribute to disease.

8. Cautions and limitations of neuroactive steroid therapeutics {#sec8}
===============================================================

Considering the plethora of evidence for neuroactive steroid actions that might serve to support the recovery from stress-related conditions, it is surprising that more human laboratory and clinical studies have not been conducted using neuroactive steroids or their precursors. Caution has prevailed due to the widespread perception that GABAergic neuroactive steroids are similar to benzodiazepines, despite the fact that the actions of neuroactive steroids are clearly distinct from benzodiazepines as described in the preceding sections. Even among researchers, however, there have been controversies regarding their risks and potential for use in human disease. Here we address the issues that are most compelling and propose a rational approach to the introduction of neuroactive steroid therapy for stress-related disease.

8.1. Lack of potent and specific inhibitors of neuroactive steroid effects hampers conclusions on their role in CNS function and disease {#sec8.1}
----------------------------------------------------------------------------------------------------------------------------------------

To date, no potent and specific antagonist of neuroactive steroid effects on GABA~A~ receptors has been found. Several candidate antagonist molecules have been reported, including the 3β-enantiomers of certain pregnane steroids ([@bib180]), the 3α,5β- or 3α,5α-reduced metabolites of cortisol ([@bib127]), and the steroid analog \[3α,5α\]17-phenylandrost-16-en-3-ol (17PA) ([@bib105]; [@bib82]). However, none of these compounds exhibit sufficient potency, efficacy, or specificity to provide useful tools for the interrogation of neuroactive steroid actions.

Numerous investigators have employed the inhibition of steroid synthesis to interrogate the role of neuroactive steroids in disease models. The strategy has been to use finasteride to block the formation of allopregnanolone in order to determine its role in normal brain function and pathology. Endogenous allopregnanolone is formed by the reduction of progesterone in two steps. The classical pathway indicates that 5α-reductase converts progesterone to 5α-dihydroprogesterone and then 3α-hydroxysteroid dehydrogenase converts 5α-dihydroprogesterone to allopregnanolone (see the biosynthetic pathway in ([@bib130])). However, an alternative pathway also exists where 3α-hydroxysteroid dehydrogenase converts progesterone to 3α-hydroxyprogesterone (also known as 3α-hydroxy-4-pregnen-20-one). This neuroactive steroid is also GABAergic and displays equal potency and efficacy as allopregnanolone and 3α,5α-THDOC in the Cl^−^ flux assay of effects on GABA~A~ receptors ([@bib113], [@bib112]). 3α-Hydroxyprogesterone is found in brain in amounts that are approximately equal to allopregnanolone ([@bib183]; [@bib61]) and in male testes ([@bib182]), but its physiologic and behavioral effects are largely unknown. In the presence of finasteride, this steroid would not be further metabolized to allopregnanolone. In addition, progesterone is converted by 5β-reductase to 5β-dihydroprogesterone and then to pregnanolone (3α,5β-3-hydroxypregnan-20-one). This steroid is also an equipotent GABAergic allosteric modulator that is present in human serum in approximately the same quantity as allopregnanolone. Although it is normally undetectable in rodents, the administration of pregnenolone to rats induces the appearance of pregnanolone ([@bib130]). If 5α-reductase is inhibited or subjected to genetic deletion, pregnenolone and progesterone are increased and the role of 3α-hydroxyprogesterone and pregnanolone as substitute neuroactive steroids must be considered. If investigators presume that finasteride blocks the formation of allopregnanolone, and there is no compensation by other steroids, the interpretation of data may lead to inappropriate conclusions. In light of this consideration, the interpretation of effects of these interventions are very difficult at best. This unsolved conundrum in the field has resulted in data that promotes uncertainty and greater caution in the use of allopregnanolone for therapeutics.

8.2. Neuroactive steroid therapeutics may interact with socially acceptable drugs like nicotine or alcohol and/or lead to untoward effects including allopregnanolone dependence {#sec8.2}
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

It is known that ethanol and nicotine can increase GABAergic neuroactive steroids ([@bib176]; [@bib132], [@bib131]; [@bib32]) and these steroids may interact with ethanol or nicotine in ways that might be deleterious, such as when driving or operating machinery. Since addictions are chronic and characterized by both the loss of control of one\'s behavior as well as the tendency to relapse, the concern over these potential interactions is understandable and might be fully justified. Alternatively, it is possible that patients with addictions may have different responses to allopregnanolone and/or pregnenolone compared to average healthy subjects. This might occur if patients are suffering from deficient GABAergic transmission, CRF regulation, and/or neuroimmune overactivity. In this case, the administration of the neuroactive steroids may normalize biological function and interactions with ethanol would not be unmanageable. In diabetes, for example, the administration of insulin normalizes metabolic function rather than causing excess energy production that would be detrimental in normal healthy control subjects. In every clinical trial reported to date with allopregnanolone or pregnenolone for neuropsychiatric conditions, there were no serious adverse effects in the patients (vide supra). Nonetheless, until we know more about neuroactive steroid effects in patients with diseases that might respond to therapy with allopregnanolone, trials could be limited to intravenous infusions of allopregnanolone in a medically supervised setting, drug interactions could be tested in laboratory settings ,and oral treatments could be given for short periods to assess patient responses.

The rapid and long-lasting antidepressant effect of Brexanolone in patients with postpartum depression ([@bib103]) suggests that allopregnanolone therapy might be useful for generalized depression, PTSD, alcohol or cocaine detoxification and might last up to a month or longer such that other treatments such as cognitive behavioral therapies could have a greater impact. Neuroactive steroid therapy might be considered like other anti-inflammatory therapies that are administered once monthly to control inflammatory conditions, such as the TNF-α antagonist, Remicade. The allopregnanolone precursors pregnenolone and progesterone may also be effective and further studies are clearly warranted. However, pregnenolone and progesterone also produce other metabolites that could have unexpected effects and more studies are needed to justify the use of these steroids in stress-related disease at this time.

Other animal studies have suggested that progesterone withdrawal and therefore by analogy, withdrawal from allopregnanolone can lead to anxiety, GABA~A~ receptor dysregulation and dysfunction ([@bib34]; [@bib109]; [@bib110]; [@bib164]). The data suggests a danger from rapid allopregnanolone withdrawal in human subjects as well. Again, this clinical concern has not borne out in any of the clinical studies conducted to date. Nonetheless, withdrawal signs should be monitored and prevented by gradual tapering if therapy is discontinued. However, therapy for chronic conditions may be life-long, as in the case of cardiovascular disease, diabetes and many other conditions.

9. Final conclusion {#sec9}
===================

We have previously suggested that allopregnanolone may be a protective factor in normal healthy controls that helps to prevent the development of AUDs ([@bib111]). We now suggest that it might also help to prevent many other stress-related diseases that involve the dysregulation of GABAergic transmission, excessive CRF signaling, and neuroimmune activation. Allopregnanolone is an endogenous factor that helps to maintain normal CNS inhibition, behavioral control, HPA axis homeostasis, and prevents the activation of neuroimmune signaling through various TLR receptors that initiate systemic inflammatory responses and excessive brain excitability. Acute stress and acute ethanol exposure increase neurosteroid levels in circulation along with endotoxin and cortisol/corticosterone. The concurrent production of pregnenolone, progesterone and allopregnanolone helps to ensure the return to hypothalamic and extrahypothalamic CRF and HPA axis homeostasis and prevents the activation of TLR signaling and thus the production of pro-inflammatory molecules. This is a healthy response to alcohol and stress, and it may explain why most people can manage the stress of life without issues.

With chronic stress, the neurosteroids are depleted in serum and/or brain, HPA axis and CRF dysregulation ensue, GABA~A~ receptor function is dysregulated, and markers of neuroinflammation are elevated. In addition, there may be tolerance to the effects of acute stress challenge on the production of allopregnanolone. At this point, behavioral manifestations of disease are evident with anxiety, dysphoria and possibly drug craving/intake to relieve the symptoms of the adaptations caused by chronic exposure to stress. [Fig. 3](#fig3){ref-type="fig"} illustrates how allopregnanolone can restore homeostasis of GABA inhibition, CRF signaling, and neuroimmune activation following chronic stress exposure.Fig. 3Theoretical framework of the multi-system dysregulation caused by stress and the potential restoration of homeostasis by neuroactive steroids. Acute stress causes an increase in neuroactive steroids, CRF, glucocorticoids and proinflammatory neuroimmune signaling. Chronic stress induces a decrease of neuroactive steroids and GABAergic signaling while increasing CRF and TLR4 neuroimmune signaling. Neuroactive steroids may restore homeostasis by increasing GABA~A~ receptor-mediated inhibition, decreasing CRF, and stabilizing glucocorticoids release and deleterious TLR4 signaling, all of which contribute to the etiology of stress-related psychiatric disorders. (PREG = pregnenolone; ALLO = allopregnanolone; CORT = cortisol/corticosterone). (Created with [Biorender.com](http://Biorender.com){#intref0050}).Fig. 3

Here we propose that inadequate GABAergic function, along with excessive CRF and neuroimmune signaling is central to stress-related disorders, and therefore patients would respond to treatment with allopregnanolone or its precursors pregnenolone/progesterone in a favorable manner. The pleiotropic actions of allopregnanolone are likely key to its therapeutic potential. Pregnenolone and progesterone have inhibitory properties on TLR signaling, and they are rapidly converted to allopregnanolone *in vivo* and thus may share its beneficial pleiotropic actions. Furthermore, these precursors are readily available and less expensive to obtain. It is time for clinical studies to address and to compare the potential of these neurosteroids in stress-related conditions.
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